Introduction
============

Post-natal myocytes have limited regenerative capacity and their loss leads to cardiac remodelling that involves fibrosis and enlargement of the remaining myocytes.[@b1] This process, which ultimately leads to heart failure, is often triggered by or accompanies ischaemic heart disease and is also increasingly observed in response to chemotherapy.[@b2] In the case of anthracyclines, dysregulated mitochondrial biogenesis and increased myocyte death,[@b3] which are sufficient to cause heart failure, underlie drug-induced heart failure.[@b4]

Imatinib mesylate (imatinib) was the first of a new generation of highly selective anticancer drugs that paved the way for several novel tyrosine kinase-targeted therapies. Imatinib targets the tyrosine kinase activity of the BCR--Abl fusion protein resulting from a chromosomal translocation, the Philadelphia chromosome which causes chronic myelogenous leukaemia (CML).[@b5] The introduction of imatinib has revolutionized the treatment of CML patients, with an outstanding 70% cytogenic remission and initial minimal side effects, namely peripheral oedema and dyspnoea.[@b6],[@b7] Imatinib use is being extended to the treatment of other cancers, including gastrointestinal stromal tumours and prostate cancer.[@b8]--[@b10]

Imatinib therapy is often a life-long treatment; a decade after its introduction into the clinic, other side effects are emerging, notably the development of congestive heart failure (CHF).[@b11]--[@b16] The finding that imatinib may be cardiotoxic was unexpected given the results of IRIS (International Randomized Study of Interferon versus STI571), where the overall incidence of CHF was ∼1% in both the imatinib and interferon arms.[@b17] Other studies reported no cardiac toxicity in imatinib-treated patients.[@b18] This discrepancy could be attributed to the lack of accurate and extensive cardiac function monitoring in most cancer clinical trials, and/or to variables that can affect cardiovascular parameters such as age, sex, or obesity. Of note, the median age in the IRIS study was 50 years, with a broad range from 19 to 70 years, while studies from registries reveal that the median age of CML patients at diagnosis is 60--65 years.[@b19],[@b20] It is also important to point out that cardiac toxicity could be latent, as seen with anthracyclines where cardiac dysfunction can occur years after the end of drug usage.[@b2] Mechanistically, the latent effects could be the result of subclinical alterations of cardiac gene expression that ultimately impair the adaptive stress response of the heart.[@b3] In the case of imatinib, no early changes in cardiac biomarkers have been analysed, but an earlier study suggested that imatinib-induced cardiac dysfunction might be due to mitochondrial alterations induced by c-Abl inhibition.[@b12] At present, the effects of and the mechanisms underlying imatinib action on the heart remain incompletely understood. In the present work, we analysed the mechanism of imatinib action on the heart and investigated the impact of ageing on imatinib-induced cardiotoxicity. We found that imatinib induces cardiomyocyte loss via the activation of mitochondrial death pathways and that prevention of mitochondrial dysfunction through up-regulation of Bcl-2 protects against imatinib cardiotoxicity. Remarkably, clinical evidence of cardiotoxicity was found to be age dependent, and more overt in ageing mice. These results provide new insights into the mechanism of imatinib action on the heart and offer a possible explanation for the current controversy regarding imatinib-induced cardiotoxicity in cancer patients.

Methods
=======

Cell cultures
-------------

Procedures with neonatal cardiomyocytes were as previously described.[@b21] Imatinib mesylate (Gleevec®, Novartis) 100 mg tablets were dissolved in water and purified by successive centrifugation. Primary neonatal cardiomyocytes were treated with vehicle or imatinib at the indicated concentrations and times. Doxorubicin was used at 300 nM. The cloning and production of adeno-LacZ and adeno-GATA4 (G4) were previously reported.[@b21]

*In vivo* experiments
---------------------

Mice were handled in accordance with institutional guidelines for animal care. Experiments were approved by the institutional Animal Care Committees and the investigation conforms with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85--23, revised 1985). The *Gata4*^+/−^ mice were described previously.[@b3] *Bcl-2*-overexpressing mice were generated using an SV40 expression vector containing the human *Bcl-2* cDNA under the control of the α-myosin heavy chain (MHC) promoter[@b22] to direct expression specifically to cardiomyocytes. Human *Bcl-2* expression was verified using northern and western blots. Treatment with imatinib mesylate (200 mg/kg/day) or vehicle was for 5 weeks, as suggested in published reports.[@b12],[@b23] Doxorubicin (Dox) treatment was a single i.p. injection of 15 mg/kg as previously described.[@b3] M-mode echocardiography was performed using two Visual-Sonics VEVO 770 and VEVO 2100 systems and a 30 MHz linear array transducer, on mice lightly anaesthetized using 2% isofluorane and 80 mL/min of 100% oxygen, as described by Aries *et al.*,[@b3] and echocardiographic indices were calculated as described by Yang *et al.*[@b24] Heart failure was defined as an EF \<45%.

Immunohistochemistry and terminal deoxynucleotidyltransferase-mediated dUTP end labelling
-----------------------------------------------------------------------------------------

Immunohistochemical studies were performed as described.[@b25],[@b26] The ANF antibody \[T4014, RGG-9103 (dilution 1:1000)\] was purchased from Peninsula Laboratories (San Carlos, CA, USA). Homemade GATA4 antibody was used at a dilution of 1:1000. Nitrotyrosine antibody was used at a dilution of 1:400 (Abcam, UK). A Zeiss AxioImager.A2 light microscope (Objectives: Zeiss EC Plan-Neufluar; Camera: Zeiss AxioCam MRC) was used for image acquisition. Terminal deoxynucleotidyltransferase-mediated dUTP end labelling (TUNEL) assays were carried out using an Apoptag kit according to the manufacturer's instructions (Intergen, Purchase, NY, USA).

RNA and protein
---------------

Northern and western blots were performed as reported previously.[@b21] The Bcl-2 antibody \[Ab-2; PC-68 (dilution 1:1000)\] was from Oncogene Research Products (San Diego, California). The anti GATA4 and GATA6 antibodies were previously described.[@b21] Real-time PCR (qPCR) was carried out as described by Debrus *et al.*[@b26] Oligonucleotide sequences are available on request.

Transmission electron microscopy
--------------------------------

Mice hearts were perfused with KCl--phosphate-buffered saline (PBS-KCl) solution to stop the heart in diastole and wash the blood out, and then for 10 min with 2% glutaraldehyde in 0.1 M sodium cacodylate (pH 7.4) buffer. Left ventricles were dissected, finely sliced, and incubated in the same fixative until processing. A JEOL 1230 transmission electron microscope was used.

Statistical analysis
--------------------

Data are reported as means ± standard error of the mean (SEM). A Student unpaired *t*-test was used to compare any two groups, while the one-way analysis of variance (ANOVA) test was used to compare multiple groups. In all cases, a *P*- value \<0.05 was considered as an index of statistical significance.

Results
=======

Imatinib mesylate negatively affects cardiac function and structure
-------------------------------------------------------------------

To analyse the effect of imatinib on the heart, wild-type mice (150 days old, *n* = 6 per group) were treated for 5 weeks with vehicle or with 200 mg/kg/day of imatinib. Earlier studies have shown that this dose produces blood concentrations comparable with those seen in human.[@b23] Cardiac function was assessed using echocardiography. *[Table 1](#tbl1){ref-type="table"}* lists all the parameters measured and shows that no significant difference was noted in the body weights of the two groups. Imatinib induced a reduction in the mitral valve mean gradient probably due to impaired cardiac relaxation, characteristic of diastolic dysfunction (Supplementary material online, *Figure S1A*). In contrast, fractional shortening, reflective of systolic function, was not significantly changed upon imatinib treatment. Mice treated with imatinib showed a reduced LV posterior wall thickness (LVPW) (*Table* [](#tbl1){ref-type="table"}; Supplementary material online, *Figure S1B* and *C*), which was further confirmed by histological examination of Masson trichrome-stained tissue sections (Supplementary material online, *Figure S1D*). As a reduction in LV wall thickness may be indicative of myocyte loss, TUNEL assays were performed on heart sections to assess cell death. As shown in the representative *Figure S1E* in the Supplementary material online, imatinib treatment induced a three-fold increase in TUNEL-positive nuclei (percentage labelled nuclei vs. total cardiomyocyte nuclei) in treated mice as compared with the vehicle-treated mice (1.05 ± 0.08% vs. 0.300 ± 0.01%, *P* \< 0.02).

###### 

Echocardiographic indices in the various mice groups studied

  Group             IVS (mm)            LVID (mm)         LVPW (mm)         HR (b.p.m.)    FS (%)                    LV mass/BW (mg/g)   Age (days)
  ----------------- ------------------- ----------------- ----------------- -------------- ------------------------- ------------------- --------------
  Young             0.62 ± 0.03         4.29 ± 0.09       0.65 ± 0.02       442.5 ± 7.6    28.8 ± 1.3                3.31 ± 0.18         118.1 ± 3.6
  Young + I         0.60 ± 0.04         4.47 ± 0.09       0.58 ± 0.02^\*^   449.5 ± 8.0    28.2 ± 1.4                3.13 ± 0.19^\*^     142.2 ± 3.8
  G4^+/−^           0.76 ± 0.01         4.29 ± 0.05       0.70 ± 0.04       428.0 ± 34.0   29.5 ± 2.2                2.80 ± 0.10         145.0 ± 0.0
  G4^+/−^ + I       0.70 ± 0.04^\*\*^   4.46 ± 0.16       0.63 ± 0.02^\*^   396.0 ± 27.0   28.6 ± 2.4                2.60 ± 0.20^\*\*^   167.0 ± 11.0
  Bcl-2             0.61 ± 0.05         4.00 ± 0.15       0.66 ± 0.04       432.0 ± 5.0    30.2 ± 2.9                3.10 ± 0.00         122.0 ± 5.0
  Bcl-2 + I         0.65 ± 0.03         3.94 ± 0.09       0.63 ± 0.03       441.0 ± 11.0   30.9 ± 0.9                3.10 ± 0.20         122.0 ± 5.0
  Old               0.75 ± 0.06         4.40 ± 0.13       0.78 ± 0.07       484.0 ± 15.1   30.0 ± 0.8                3.41 ± 0.41         449.8 ± 14.9
  Old + I           0.69 ± 0.03         4.63 ± 0.09^\*^   0.70 ± 0.06       453.2 ± 18.1   21.3 ± 0.8^\*^            3.18 ± 0.23         480.1 ± 15.1
  Old G4^+/−^       0.79 ± 0.06         4.11 ± 0.19       1.01 ± 0.18       409.0 ± 29.0   24.3 ± 3.8                3.60 ± 0.80         441.0 ± 2.0
  Old G4^+/−^ + I   0.77 ± 0.06         5.33 ± 0.52^\*^   0.78 ± 0.12       422.0 ± 20.0   17.8 ± 2.6^^\*^,^\*\*^^   5.00 ± 1.50         441.0 ± 1.0

BW, body weight; FS, fractional shortening; G4, GATA4; HR, heart rate; I, imatinib; IVS, interventricular septum (diastole); LVID, left ventricular interdimension (diastole); LVPW, left ventricular posterior wall (diastole).

Two-way analysis of variance was used to test significance with the genotype as the first variable and treatment as the second variable.

\**S*ignificance of treatment (*P* \< 0.05);

\*\*significance of genotype (*P* \< 0.05).
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Imatinib-induced cardiotoxicity is age dependent
------------------------------------------------

Next, we investigated the impact of ageing on the severity of imatinib-induced cardiotoxicity. Old (450-day-old) and young (150-day-old) mice (*n* = 8 per group) were treated with imatinib and their cardiac parameters were measured 0, 2, and 5 weeks into the treatment (*Table* [](#tbl1){ref-type="table"}). While the younger mice hearts showed no change in fractional shortening (contractility) and LV volume (chamber size), older mice hearts started to show a reduced contractility (fractional shortening) and an increased chamber size (LV volume) as early as 2 weeks into the treatment (*Figure* [1](#fig01){ref-type="fig"}*A* and *B*). Not surprisingly, at the end of the 5 weeks of imatinib administration, fractional shortening and LV volume were significantly changed in these mice (*Figure* [1](#fig01){ref-type="fig"}*B*). Trichrome staining revealed increased myocyte loss and fibrosis in the left ventricles of treated old mice; younger mice heart sections had little if any increase in fibrosis (*Figure* [1](#fig01){ref-type="fig"}*C*). Consistent with the differential effects of imatinib on the two age groups, differential changes in gene expression were observed in old vs. young imatinib-treated mice (Supplementary material online, *Figure S2*). Real-time PCR analysis performed on cDNA samples obtained from mice ventricles showed similar down-regulation of certain genes such as *βMHC* and *Bcl-X~L~* in both treated groups. Other genes were differentially regulated in older mice. For example, the prosurvival transcription factor GATA4 and important markers of contractility such as ion channels KV4.2 and SERCA2A were down-regulated specifically in the treated older mice. Interestingly, mitochondrial integrity markers, such as PGC-1 and CYTB mRNA levels, were reduced only in the ventricles of older treated mice. Moreover, profibrotic genes, *COL3A* and *CTGF*, were up-regulated in old but not in young mice treated with imatinib. These changes in gene expression are consistent with an exaggerated cardiac stress response and remodelling of older imatinib-treated mice. This could be due to impaired homeostatic mechanisms predisposing ageing cardiomyocytes to drug-induced cardiac injury. A closer look at gene expression differences between untreated young and old mice (Supplementary material online, *Figure S*3) revealed a basal up-regulation of stress response genes such as *βMHC*, *SERCA2A*, and *CYTB* in the older population. Moreover, pro-death genes such as *Beclin1*, an autophagy marker, and *BAX*, as well as the hypoxia-responsive *HIF1α* gene were also increased in older mice.

![Imatinib-induced cardiotoxicity is age dependent. Echocardiographic data showing (*A*) changes in left ventricular chamber diastolic volume in young (Yng, 150 days old) and old (Old, 450 days old) mice treated with imatinib (200 mg/kg/day) at 0, 2 and 5 weeks of treatment; day 0 = no treatment, and (*B*) changes in fractional shortening in the same groups. The data shown are the mean ± SEM of *n* = 8 per group. (*C*) Trichrome-stained left ventricle sections from young and old mice treated with vehicle or imatinib (200 mg/kg/day) for 5 weeks. Note excessive remodelling in old treated hearts.](ejhf0016-0367-f1){#fig01}

Transmission electron microscopy (TEM) was performed on mice heart tissues to determine the degree of tissue injury and the mechanisms of cell death. TEM analysis revealed the presence of extensive mitochondrial abnormalities, such as swelling, in imatinib-treated mice (*Figure* [2](#fig02){ref-type="fig"}*A* and *B*). Abnormal mitochondria were also more abundant in older vs. younger untreated mice ventricles (*Figure* [2](#fig02){ref-type="fig"}*B*). In the imatinib-treated older mice hearts, the basally stressed mitochondria became extremely disorganized, with some even losing their cristae (*Figure* [2](#fig02){ref-type="fig"}*A*). Interestingly, abnormal nuclei and autophagic structures were common in imatinib-treated tissues (*Figure* [2](#fig02){ref-type="fig"}*C*), suggesting the activation of necrotic, apoptotic, and autophagic cell death mechanisms, in agreement with previous findings reported by Herman *et al.*[@b16] Necrotic nuclei were detected in all imatinib-treated mice, but were found at significantly higher levels in older vs. younger mice receiving imatinib (*Figure* [2](#fig02){ref-type="fig"}*D*). Although autophagic lysosomal structures were more abundant in untreated old vs. young ventricles, their levels were comparable in both treated groups, suggesting increased sensitivity of younger hearts to the autophagic response (*Figure* [2](#fig02){ref-type="fig"}*E*). Together, the ultrastructural changes observed are consistent with the gene expression analysis; they confirm that imatinib induces mitochondrial damage and mitochondrial-dependent cell death; they also suggest that the higher sensitivity of older mice to the drug may be due to the increased basal level of mitochondrial stress.

![Light microscopy and transmission electron microscopy (TEM) of imatinib-treated mouse ventricles. (*A--D*) TEM: (*A*) ×4000 magnification revealing mitochondrial disarray in the left ventricles of imatinib-treated mice, especially in the older animals (arrows). (*B*) Graph showing the quantification of disrupted mitochondria per square micrometre. (*C*) ×2000 magnification showing a representative normal nucleus from non-treated mice ventricles compared with swollen--apoptotic and fragmented--necrotic nuclei, as well as autophagy structures (asterisks) in imatinib-treated hearts. (*D*) Graph showing the quantification of necrotic nuclei per 100 µm^2^. (*E*) Quantification of autophagic/lysosomal vacuoles per 100 µm^2^. ^\*^*P* \< 0.05.](ejhf0016-0367-f2){#fig02}

Oxidative stress could be a major player in mitochondrial damage, and previously Herman *et al.* reported an increase in peroxynitrite, known to be a powerful oxidant, in imatinib-treated rat ventricles.[@b16] Immunohistochemistry on sections from mice hearts detected no nitrotyrosine staining in either control or imatinib-treated young animals. However, a nitrotyrosine-positive reaction was observed in old non-treated left ventricles and increased significantly in imatinib-treated littermates (Supplementary material online, *Figure S4F*).

Imatinib-induced death is exacerbated in hydrogen peroxide-treated primary neonatal cardiomyocytes
--------------------------------------------------------------------------------------------------

To confirm whether the observed myocyte death was a direct effect of the drug on myocytes, we used primary neonatal cardiomyocytes cultures to carry out a time course and dose--response analysis. TUNEL assays performed on ventricular myocytes showed that imatinib concentrations as low as 0.5 µM were able to induce cell death significantly 18 h post-treatment (*Figure* [3](#fig03){ref-type="fig"}*A*). Furthermore, the time course study revealed that the effects of imatinib (5 µM) on cell survival can be observed as early as 3 h post-treatment with a two-fold increase in TUNEL-positive cells (*Figure* [3](#fig03){ref-type="fig"}*B*). These effects were comparable with the well-known effects of another cancer agent, Dox, on cardiomyocyte apoptosis (*Figure* [3](#fig03){ref-type="fig"}*C*). We also tested whether the increased oxidative stress seen exclusively in older mice ventricles and known to be a hallmark of ageing hearts[@b27],[@b28] can reproduce the effects of ageing on imatinib-induced cardiotoxicity. Co-treatment of primary neonatal cardiac myocytes with H~2~O~2~ and imatinib led to a higher increase in TUNEL-positive cardiomyocytes than treatment with either H~2~O~2~ or imatinib alone (*Figure* [3](#fig03){ref-type="fig"}*D*). Together, the data indicate that imatinib treatment has direct effects on cardiomyocytes which are further exacerbated by oxidative stress.

![Imatinib acts directly on cardiomyocytes to induce cell death. The results shown were obtained in rat primary neonatal cardiomyocytes (CMCs) following treatment with imatinib (I) at the indicated doses and time. (*A*) Dose response at 18 h. (*B*) Time course. (*C*) Effects of imatinib- (5 mM) as compared with doxorubicin- (Dox) and vehicle- (V) treated cardiomyocytes on cell death. Treatments were for 18 h. (*D*) CMCs were treated with either vehicle or H~2~O~2~ (25 mM) for 24 h and then treated with different doses of imatinib (0, 0.5, and 2. 5 mM) for 18 h. In all cases, the data shown are the mean of three different experiments done, with 10 fields counted per experiment. ^\*^*P* \< 0.05 vs. the respective control. TUNEL, terminal deoxynucleotidyltransferase-mediated dUTP end labelling.](ejhf0016-0367-f3){#fig03}

GATA4 down-regulation is associated with Imatinib-induced cardiotoxicity
------------------------------------------------------------------------

Transcriptome analysis revealed down-regulation of GATA4, an important regulator of cardiomyocyte survival.[@b3] We analysed protein levels following imatinib treatment. Staining of histological sections with a specific GATA4 antibody indicated that GATA4 protein levels (brown nuclei) were markedly down-regulated in imatinib-treated mice vs. their control littermates (*Figure* [4](#fig04){ref-type="fig"}*A*). This effect was also observed in cultured primary neonatal cardiomyocytes (*Figure* [4](#fig04){ref-type="fig"}*B*) where GATA4 but not GATA6 down-regulation was evident following imatinib treatment (*Figure* [4](#fig04){ref-type="fig"}*B*). Since decreased GATA4 levels sensitize cardiomyocytes to apoptosis and impair the heart adaptive response,[@b3] we hypothesized that GATA4-haploinsufficient mice might be more sensitive to imatinib-induced cardiac toxicity. Wild-type and *Gata4^+/−^* mice (*n* = 7) were treated for 5 weeks with imatinib, and cardiac gene expression and function were assessed using qPCR and echocardiography. The QPCR analysis revealed a large increase (\>40 fold, *P* \< 0.05) in ANF mRNA levels in *Gata4^+/−^* mice treated with imatinib compared with a two-fold increase in the treated wild-type counterparts (*Figure* [4](#fig04){ref-type="fig"}*C*), indicative of significant cardiac stress.[@b29] The Bcl-X~L~ mRNA level was significantly lower in untreated *Gata4^+/−^* hearts relative to their wild-type control littermates. Decreased levels of prosurvival and mitochondrial protective genes such as *Bcl-X~L~* could contribute to increased imatinib-induced cardiotoxicity in GATA4-haploinsufficient mice (*Figure* [4](#fig04){ref-type="fig"}*D*). Indeed, echocardiography confirmed the higher sensitivity of *Gata4^+/−^* hearts to imatinib: whereas none of the young imatinib-treated wild-type mice had an EF \<45% (suggestive of heart failure), a third of the similarly treated *Gata4^+/−^* littermates showed signs of heart failure with EFs of \<45% (*Figure* [4](#fig04){ref-type="fig"}*E*). Additionally, in the case of the older mice, all treated *Gata4^+/−^* mice were in heart failure compared with 60% of imatinib-treated age-matched wild-type mice (*Figure* [4](#fig04){ref-type="fig"}*F*). In response to imatinib, the *Gata4^+/−^* mice showed a more significant increase in LV diameter compared with the wild-type mice, indicative of a maladaptive dilated cardiomyopathy response (*Table* [](#tbl1){ref-type="table"}).

![A role for GATA4 in imatinib-induced cardiotoxicity. (*A*) Histological sections stained with a GATA4 antibody and counterstained with methyl green reveal decreased GATA4 signal (brown nuclei) in ventricles from imatinib-treated mice. (*B*) Western blot analysis of GATA4 protein levels in primary neonatal cardiac myocytes treated with 5 mM imatinib for 18 h. Note the decrease in GATA4 but not in the related GATA6 protein. (*C* and *D*) Graph showing ANF and Bcl-X~L~ mRNA levels in the ventricles of wild-type (Wt) or GATA4 heterozygous mice (Het) treated with vehicle (V) or imatinib (I) as obtained by real-time PCR (QPCR). (*E* and *F*) Increased incidence of heart failure (HF) post-imatinib treatment in *Gata4^+/−^* mice (Het) as compared with their wild-type (Wt) littermates (HF = EF \<45%). (*G*) Graphs showing transcript changes using QPCR analysis on RNA from wild type (Wt) and *Gata4^+/−^* (Het) mice ventricles. (*H*) Primary neonatal cardiomyocytes were infected with adenoviruses expressing GATA4 or, as a control, LacZ (LZ). Western blot showing GATA4 and GATA6 levels in the indicated conditions. (*I*) Quantification of TUNEL (terminal deoxynucleotidyltransferase-mediated dUTP end labelling) assay. The data are the mean of triplicate plates with 10 fields counted per plate.](ejhf0016-0367-f4){#fig04}

These results indicate that decreased GATA4 levels worsen imatinib cardiotoxicity and suggest that inhibition of GATA4 by imatinib may be one of the mechanisms underlying its cardiac toxicity. As shown in *Figure* [4](#fig04){ref-type="fig"}*G*, gene expression profiling revealed a basal up-regulation of stress response genes in untreated young *Gata4^+/−^* hearts including *βMHC*, *ACTA1*, and *BNP*, and a decrease in GATA4-responsive genes such as *KV4.2* and *SERCA2A* that were found to be inhibited by imatinib. The up-regulation of nitrotyrosine in *Gata4^+/−^* ventricles further confirmed our hypothesis that reduced GATA4 levels hypersensitize mice hearts to imatinib-induced mitochondrial stress (Supplementary material online, *Figure S4*). To confirm a role for GATA4 in imatinib-induced cardiotoxicity, we infected primary neonatal cardiomyocyte cultures with adenoviruses expressing GATA4 protein, or a LacZ control. Treatment of these cultures with imatinib decreased GATA4 levels in LacZ-infected cells but not in adeno-GATA4-infected cells in which GATA4 levels were increased three-fold over control cells (*Figure* [4](#fig04){ref-type="fig"}*H*). Preventing GATA4 depletion blunted the imatinib-dependent increase in cell death as measured by TUNEL assays (*Figure* [4](#fig04){ref-type="fig"}*I*). Together the results indicate that GATA4 is an important target in imatinib-induced cardiotoxicity and that restoring GATA4 can be beneficial.

Bcl-2 protein overexpression in mice hearts is protective
---------------------------------------------------------

The cardioprotective effects of GATA4 are mediated, in part, by the prosurvival Bcl-2 and Bcl-X~L~ proteins which inhibit apoptosis by counterbalancing the effects of the proapoptotic proteins (e.g. BAX and BAD), preventing mitochondrial uncoupling and cytochrome *c* release.[@b30]--[@b32] By decreasing Bcl-2 and Bcl-X levels, imatinib treatment alters the ratio of pro-/antiapoptotic proteins which is critical to mitochondrial integrity and function. We tested whether overcoming decreases in GATA4 target prosurvival genes can prevent imatinib cardiotoxicity. Transgenic mice overexpressing human Bcl-2 under the control of the cardiomyocyte-specific α-MHC promoter were used (*Figure* [5](#fig05){ref-type="fig"}*A*) and the levels of Bcl-2 were confirmed via northern and western blots (*Figure* [5](#fig05){ref-type="fig"}*B*). Echocardiography showed that imatinib induced reductions in the LV mass to body weight ratio and the mitral valve gradient was attenuated in the Bcl-2 transgenic mice as compared with their treated wild-type littermates (*Table* [](#tbl1){ref-type="table"}; *Figure* [5](#fig05){ref-type="fig"}*C*). The ANF marker of cardiac stress was up-regulated in the ventricles of imatinib-treated wild-type mice but not in those from similarly treated Bcl-2 transgenics (*Figure* [5](#fig05){ref-type="fig"}*D*). TUNEL assays performed on mice heart sections showed a five-fold increase in apoptotic nuclei in wild-type mice treated with imatinib but no detectable change in the number of TUNEL-positive nuclei in imatinib-treated Bcl-2 mice (*Figure*[5](#fig05){ref-type="fig"}*E*). As control, a group of wild-type and Bcl-2 transgenic mice were treated with Dox which is known to induce cardiomyocyte apoptosis and cardiac dysfunction.[@b3] Imatinib-induced apoptosis was comparable with that induced by Dox, and Bcl-2 up-regulation in cardiomyocytes was protective against both treatments. Finally, left ventricles from both the non-treated and treated mice stained negative for nitrotyrosine (Supplementary material online, *Figure S4*).

![Myocardial up-regulation of Bcl-2 prevents imatinib cardiotoxicity. (*A*) Cardiomyocyte-specific Bcl-2 overexpression in transgenic mice using the α-myosin heavy chain (MHC) promoter. (*B*) Expression of Bcl-2 was confirmed using northern (left panel) and western blots (right panel). Vs, ventricles; Ks, kidneys; Li, liver; Br, brain; Sk, skeletal muscle. (*C*) Left ventricular posterior wall thickness (LVPW) obtained by echocardiographic analysis in treated wild-type (Wt) and Bcl-2 transgenics (Tg) relative to their respective vehicle-treated controls. Data are the mean ± SEM of *n* = 4--6. (*D*) Histological sections from mice from the four different groups stained with ANF antibody and counterstained with methyl green. Note the cytoplasmic presence of the ANF stress marker (brown) in the ventricles of Wt imatinib-treated but not Bcl-2 mice. (*E*) Percentage of apoptotic nuclei as detected by TUNEL (terminal deoxynucleotidyltransferase-mediated dUTP end labelling) assays in Wt and Bcl-2 (Tg) mice treated with vehicle (V), imatinib (I), or doxorubicin (Dox). The data shown are the mean from four different mice per group.](ejhf0016-0367-f5){#fig05}

Together, the data presented indicate that imatinib directly and profoundly affects cardiomyocyte survival and biogenesis, and suggest that ageing is a risk factor in imatinib-induced cardiotoxicity.

Discussion
==========

Chemotherapy-induced cardiotoxicity is a major impediment to the effective use of several anticancer drugs and has been most extensively studied in the case of anthracyclines.[@b33]--[@b35] Drug-induced cardiotoxicity ranges from acute effects on ion channels---resulting in mild to life-threatening arrhythmias---to latent irreversible cardiomyopathies and heart failure. Because of the latter, undesirable cardiac effects of drugs often emerge after several years in clinical use. Over the past few years, accumulating reports are revealing unexpected cardiotoxicity of the new generation of antineoplastic 'designer drugs' belonging to the class of receptor tyrosine kinase inhibitors.[@b11]--[@b14],[@b36],[@b37] Imatinib mesylate was the first of such highly specific anticancer drugs to be approved by the Food and Drug Administration (FDA)[@b11] after results from the IRIS clinical study confirmed its potency in the treatment of CML patients with minimal side effects. Conflicting reports of imatinib-induced cardiotoxicity may be due to the modest or short-term cardiac monitoring associated with human anticancer clinical studies. Our study also suggests that variability in patients' age and length of treatment may account for the differing levels of cardiac dysfunction observed.

Unlike the case of anthracyclines, few studies have analysed the effects of imatinib on the heart in well-defined experimental settings. In the present work, we investigated the mechanism(s) of imatinib action on the heart and the impact of age on cardiac response to imatinib treatment. Our results both *in vivo* and *in vitro* in cultured cardiomyocytes are consistent with a deleterious effect of imatinib on the heart that is dose, time, and age dependent. They also suggest that diastolic dysfunction may be an early manifestation of imatinib cardiotoxicity that could ultimately lead to heart failure. Moreover, reduced LV mass and increased cell death suggest that imatinib affects myocyte cell survival, an irreversible effect that could cause delayed cardiac manifestations as in the case of anthracycline cardiotoxicity. This is especially noteworthy given that imatinib treatment is life long and that cardiac damage can be cumulative, with evidence of heart failure appearing with the long-term therapy.

Gene expression analysis and high resolution TEM indicate that imatinib affects mitochondrial structure and that ageing exacerbates imatinib-induced cardiac tissue damage. Heart function and structure severely deteriorated in older mice compared with their younger counterparts and the alterations were accompanied by differential changes in gene expression, including up-regulation of the cardiac stress marker ANF and the profibrotic genes *COL3A* and *CTGF*. Up-regulated expression of several stress response genes in older untreated mice may explain their heightened susceptibility to imatinib-induced injury. The increased vacuolation and extensive mitochondrial swelling and disintegration seen by TEM in older hearts together with the increased levels of nitrotyrosine support the hypothesis that oxidative stress, a hallmark of ageing hearts, underlies their hypersensitivity to imatinib.

Our data generally support and extend the findings of Kerkela *et al.*[@b12] In their study, Kerkela *et al.* suggested that inhibition of cardiomyocyte c-Abl and activation of the JunK pathway are the mechanisms of imatinib cardiotoxicity. It should be noted that this pathway was examined after 20--24 h treatment at a time when over half the cardiomyocytes were TUNEL positive, possibly reflecting an advanced stage of imatinib action. Others have shown that c-Abl suppression is neither cytotoxic to cardiomyocytes nor does it induce endoplasmic reticulum stress.[@b38] In our study, we examined earlier time points after treatment with \<5% of TUNEL-positive cardiomyocytes. Under these conditions, inhibition of the transcription factor GATA4 was evident, and preventing it rescued imatinib cardiotoxicity. GATA4 has emerged as a critical regulator of cardiomyocyte survival and the adaptive stress response of the adult heart.[@b3],[@b39] Our data uncover a role for the transcription factor GATA4 in imatinib cardiotoxicity. GATA4-haploinsufficient mice were more susceptible to imatinib cardiotoxicity with significantly increased incidence (reaching almost 100% of treated older mice) of heart failure and dilated cardiomyopathy. Previously, we found that the widely used class of anticancer drugs anthracyclines also decrease cardiomyocyte GATA4, and restoring GATA4 prevents drug-induced cardiotoxicity.[@b3] It is therefore noteworthy that two chemically distinct anticancer drugs converge on GATA4 to alter cardiomyocyte survival and biogenesis.

Altogether these results show that imatinib-induced cardiotoxicity involves mitochondrial impairment and cell death that can be further worsened by increased oxidative stress as occurs in ageing myocytes. This offers a plausible explanation for the conflicting reports regarding imatinib cardiotoxicity in cancer patients and advocates for cardiac follow-up of CML patients receiving imatinib treatment. Finally, the fact that imatinib use has been extended to the treatment of patients with prostate cancer,[@b40] a disease of older male subjects, coupled to a recent report about an elderly patient developing decompensated heart failure upon imatinib treatment,[@b41] underscores the need for closer cardiac monitoring of older patients during and after imatinib therapy.
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**Figure S1.** Imatinib induces cardiotoxicity in mice. A--C Echocardiographic analysis of heart function. A. Mitral valve (MV) mean gradient in vehicle (Wt) and imatinib-(Wt + I) treated mice. B. Fractional shortening (FS). C. LV posterior wall (LVPW) thickness in the same mice. The data shown are the mean of measurements obtained from 4--6 different mice (150 days old) per group. \*P \< 0.05 vs. the respective control. D. Quantification of LV wall thickness in Wt and Wt + I mice obtained via ImageJ® software analysis of Masson trichrome-stained heart Sections. A representative image is shown on the right. E. Representative TUNEL images with arrows indicating brown-stained apoptotic nuclei. Note the significant increase of TUNEL-positive nuclei in imatinib-treated heart sections.

**Figure S2.** Impaired regulation of stress response and mitochondrial biogenesis genes in older imatinib-treated mice. Graphs showing transcript changes using QPCR analysis and RNA from young (Y) or old (O) mice ventricles. Genes depicted in the bottom row correspond to known GATA4 targets. Note how changes in old animals treated with imatinib (0 + I) are indicative of mitochondrial dysregulation (BCL2, PGCla, and CYTB) fibrosis (COL3A and CTGF), and cardiac dysfunction (ANF, SERCA2A, and KV4.2). The data shown are the mean ± SEM of *n* = 6 and are corrected to S16 (used as internal control); values obtained from the non-treated ventricular samples were assigned an arbitrary value of 1. \**P* \< 0.05.

**Figure S3.** Graphs showing QPCR results for some markers of mitochondrial and oxidative stress genes in untreated young vs. old hearts. Values obtained from the non-treated young ventricular samples were assigned an arbitrary value of 1. \**P* \< 0.05.

**Figure S4.** Nitrotyrosine staining in ventricle sections from the different study groups. (+I = treatment with imatinib). Positive nitrotyrosine labelling indicative of oxidative stress was mostly observed in old treated ventricular sections. Positive nitrotyrosine labelling was also detected in untreated *Gata4^+/−^* ventricular sections (G4+/−) but not in imatinib-treated Bcl-2 transgenic mice (Tg).
